During the past few decades, phylogenetic analysis has become an important tool throughout biology for comparing information about genes, individuals, populations, and species. This information is usually in the form of morphological, behavioral or molecular data, and phylogenetic analysis is used to estimate the historical relationships among the genes or species, and to depict these relationships in the form of a branching diagram, known as a phylogenetic tree.
Beyond the traditional use of phylogeny in evolutionary biology, there has been an increasing realization of the need for phylogenetic analysis in any study in which biological variation is compared across samples. The need for phylogenetic analysis arises from the fact that the objects of study (usually called taxa, whether they are genes, species, or some other level of organization) are not statistically independent, but are connected through historical relationships. Any valid statistical interpretation of the patterns of biological variation among taxa requires an estimate of these historical relationships.
When to use phylogenetic analysis
Phylogenetic analysis has a wide range of applications: reconstructing the ancestral gene sequences from which extant genes are derived; studying the origin and epidemiology of human diseases; inferring the evolution of ecological and behavioral traits through time; estimating historical biogeographic relationships; prioritizing the conservation of endangered species; and reconstructing the historical relationships across all of life.
At one end of this continuum are molecular epidemiological studies of disease-causing organisms, made possible because many viruses evolve at very rapid rates, often as high as several substitutions per thousand nucleotide sites per year (see Fig. 1 ); such studies may involve inferences across only the past few years.
Roughly one billion times deeper into the past, phylogenetic analyses of some of the most conserved genes in life are used to infer the relationships among all living species. For instance, the ribosomal RNA genes, which encode the principal structural component of ribosomes, are found throughout life and evolve so slowly that even the ribosomal RNA genes of species as far apart as bacteria and humans can be easily aligned, compared, and subjected to phylogenetic analysis (see Fig. 2 ).
Whatever the application, all phylogenetic analyses require a criterion (known as an optimality criterion) for assessing how well the data fit candidate trees, a method for searching among possible solutions for the tree with the best fit to the data, and a method for assessing confidence in the results.
Optimality criteria
Assume that we have a set of observations for a series of taxa, and Magazine R129
Figure 1
A phylogenetic analysis of human immunodeficiency viruses (sequenced and compared) from a Florida dentist, a series of his patients, and other infected individuals from the local community. The phylogenetic tree is presented as a circular diagram in which the most closely related taxa cluster together near the periphery, and deeper (older) connections are closer to the center of the circle. The phylogenetic analysis is consistent with the suspected transmission of the virus from the dentist to six of his patients (those in the shaded dental clade). Four other patients (D, H, F, and J), all of whom had other risk factors for HIV, seem to have been infected from other sources. One patient (J) seems to have been infected from two different sources. (LC, local control.) P a t i e n t F P at ie n t D P a ti e n t B P a t i e n t A P a t ie n t I P a ti e n t E De nt ist P a t ie n t G P a t i e n t C P a ti e n t A
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The dental clade we wish to estimate the phylogenetic relationships of the taxa from these data. The first question that must be addressed is: how will we measure the fit of the observed data to alternative phylogenetic trees? To answer this question, we must have an implicit or explicit model of evolution in mind. This model may be as simple as 'all kinds of change are equally likely', or it may be highly complex, with many parameters to be estimated from the data. In any case, given a model of evolution and the observed data, there are three commonly used criteria for evaluating the fit of the data to trees.
The simplest criterion is parsimony. For each tree to be evaluated, the minimum possible number of changes for each 'character' (nucleotide position or morphological trait) is calculated, and the minimum number of changes across all characters are totalled, to obtain the parsimony score. The best tree is the one that requires the fewest changes across all characters. Information on evolutionary processes may be incorporated by weighting characters differentially (such as first versus third positions of codons), or by weighting characterstate changes differentially (such as transitions versus transversions).
The second commonly used criterion is maximum likelihood. The best tree under this criterion is the one for which the observed data are the most probable, given an assumed model of evolution. Because the calculated probabilities for any given tree are very low, it is customary to take the log of the probability of the data to make the numbers easier to handle and evaluate. Thus, maximum likelihood scores are negative numbers, and the best tree is the one with the loglikelihood closest to zero. This method has been used primarily for nucleotide and protein data, because it has proven difficult to formulate explicit evolutionary models for morphological data.
The third criterion sometimes used to evaluate the fit of data to a tree is minimum evolution, which contains aspects of both of the previous criteria. An explicit evolutionary model is used to 'correct' observed differences between all the pairs of the nucleotide or protein sequences being compared. Corrected evolutionary distances are larger than the observed distances between the pairs of sequences, because they also account for superimposed changes (where a given nucleotide position has changed more than once since the two sequences diverged).
To evaluate a given minimum evolution tree, the branch lengths on the tree are adjusted so that the path-length distances -the distance from one taxon to another along the tree -are as close as possible to the corrected distances (as assessed by a least-squares method). Once an optimal fit has been found for all the trees to be evaluated, the best tree is chosen as the tree with the lowest sum of branch lengths. Thus, the minimum evolution criterion is much like the parsimony criterion in that it seeks the tree with the lowest overall change in characters, but it differs from parsimony in that 'change' is adjusted to account for inferred superimposed events, using a model of evolution.
Search algorithms
Once a criterion has been selected for evaluating the fit of data to trees, it is necessary to search among the universe of possible trees for the optimal solution. For a small number of taxa, there are few possible tree topologies (branching arrangements), but the number of distinct trees increases rapidly as a function of the number of taxa. There are only three branching orders for four taxa, but there are more than two million different trees for 10 taxa, and more than 2 × 10 182 different trees for 100 taxa. It is not even feasible to evaluate all of the possible solutions for 22 taxa, because even a computer that could analyze a million trees per second would require about 20 billion years to complete the job.
For smaller data sets, there are two computational procedures, or algorithms, that are guaranteed to find the optimal tree(s) for a particular criterion. One is simply an exhaustive evaluation of all distinct trees, but because of the constraints discussed above, this is rarely feasible for more than about 12 taxa. The 'branch-and-bound' algorithm is a second algorithm that will find the exact solution(s) for 20 or more taxa, depending on the computational resources and the 'noisiness' of the data. It works by ignoring whole classes of trees that can be mathematically excluded as suboptimal compared to a known solution to the problem. This known solution may not be optimal, but it serves to define an upper 'bound', or limit, for the analysis.
Heuristics
For large data sets, it is necessary to rely on approximation techniques (also called heuristics) to find nearoptimal solutions. Several methods have been devised for getting a quick initial approximation (or pointestimate) of the optimal tree, which can be used as a starting point for more thorough analyses. Sometimes these initial approximations are treated as end-points in the estimation procedure, but this practice has some serious drawbacks. Initial point estimates can almost always be improved, except in the case of very small data sets. In addition, point-estimation methods provide no indication of how many other trees (or which trees) may be just as good, or even better, estimates of the phylogeny.
The two most widely used pointestimation methods are stepwise addition and neighbor-joining. The former method adds taxa one by one to a growing tree, whereas the latter method starts with all taxa in an unresolved 'star' and adds the internal branches to the tree in a stepwise fashion. Both methods find similar results for small trees, but stepwise addition usually finds better solutions (and is computationally slightly slower) for large data sets.
Once a point-estimate of a tree has been found, the estimate usually can be improved in a procedure known as branch-swapping. There are several different types of branchswapping, but all of them involve rearranging the branches on an initial tree to look for topologically related trees that are as good or better phylogenetic solutions. If branchswapping finds an equally good or better tree, then the branchswapping is continued on the new tree.
Confidence in phylogenetic estimates
Just as a regression line may be fitted through any random collection of points, so too may a phylogenetic tree be estimated from any random set of variable characters. Methods are therefore needed for testing the statistical significance of any given phylogenetic estimate. Some of the commonly used methods are presented in the box.
The accuracy of phylogenetic methods has been verified by the correct estimation of known phylogenies, through extensive simulation analyses, and in controlled experimental studies. As methods for collecting and analysing phylogenetic data have progressed rapidly in recent years, so too have the applications of phylogenetics spread throughout the biological disciplines. Phylogenetic analysis is no longer just for systematists; it has become an important tool in any comparative study of biological taxa or processes.
